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THE CYCLIC STRESS-STRAIN RESPONSE
OF TITANIUM -VANADIUM ALLOYS

S. B. Chakrabortty , T. K. Mukhopadhyay
and E. A. Starke , ~Jr.

School of Chemical Engineering and Metallurgy
Georgia Institute of Technology

A tlan ta , Georgia 30332

ABSTRA CT

Thn cyclic stress -strain response of four Ti-V alloys (24, 28,

32 and 35wt. V), which have deforniation modes ranging from coarse

twi nning to wavy aid planar slip, has been measured and correlated

with de formation mode and niicrostructure . When coarse twinning is

the prim a ry de formation mode an anomalous Bauschinge r effect , associ ate d

with uri tw inni ng during load reversal , is observed. A saturation fl ow

stress is not obtained for the wavy slip alloy due to the intervent ion

of microtwinning which inhibits cross s li p and cell formation . Cyclic

hardening of all alloys appears to be related , in some degree , to

deformation twinning. Cyclic softening occurs for the planar slip

alloys in the absence of ricro twinning due to increasi ng mobile dis-

location density .
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INTRODUCTION

Lai rd (1
~
2) has recently reviewed the cyclic deformation of me tals

and alloys and ~~ described the rapid hardening or softening which

occurs in the early stages of fatigue life . It is clear from his reviews

that the majori ty of work has been on fcc materials having either planar

or wavy slip characte r , and very few studies have been concerned with

the effect of alloying and defo rmation node on the cyclic stress strain

response of bcc metals. In addition , to the author ’ s knowledge , there

has been no previous study of ductile bcc alloys whose nililar deforma-

tion mode is tw inning. This paper is concerned w it O the cyclic stress

strain response of a series of Ti —V alloys having deformation modes

which vary from coarse twinning to wavy and planar slip.

Our previous studies
(3_6) have shown that the deformation mode

and ductility of titanium alloys containin g from 20 to 40 weig ht per-

(ent vanadium can be controlled to a l irge extent by solute content

and vol ur e fraction of omega. Slip has been observed to change in

raLre r from fine wovv slip to coarse planar slip as the solute

content is increas ed from 28% V to 40 ~~~~ Both ~11O and ~112~ sl ip

occurs in tThe 28 V alloy , although f11O~ slip domin ates , where a s

planar ijl2• slip dominates in the 40 V alloy . In addition , l11 2~

< 111 > twinnin g has been identified as an important defo rmation mode

in the Ti-V system and can be controlled by proper solute content and

t no r mt l  t rca ti re ri t. A ~ha nqe i n de forma ti on node from sl i p to coarse

t wi nning, wi th no loss in ductility , occurs in the low solute (20 ,

~4, 28 V) alloys /Iben the vo l ume fraction of omega exceeds 0.1.

Vol ~re fracti oti s larger than 0.6 resul t in partial or complete 

_ _ _ _ _ _ _ _ _ _----—---
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embri tt lement w ith  an accompanied change in deformation mode from coarse

twinning to slip. The onset of precipitation in alloy s containing

less than 0.6 omega also induces a transition from coarse twinning to a

mixture of fine twins and slip but without excessive loss in ductility .

t112} ~111-. twins have been observed in electron micrographs of the

40 V al loy , but are too fine to be detected optically. X-ray line

broadening ;neasu rements~~ have shown that a minimum in the twin fault

probabil i ty ex is ts  for this system at 36 V.

The coarse twinning hehavi or in the low solute al b y  is r r r r u ; r r i l

since it is associated w i th  the presence of omega , w hose s t ru ct u re  is

incompatible with the a/6 <1 11” twinning shears of the bcc nia trt.~. Oarf-

field and electron diffraction analysis showed that the f112} < 1 11 ’

coarse twins contain omega precipitates suggesting a stress assisted

~; transfo rmation during deformation twinning. (6) If the twinning

mechanism is associated with a reversible omega transfo rmation , and

there is extensive evidence supporting this view (6~
7) , un twinn ing may

occur unde r reversed or cycl ic loading similar to that of Fe_ Be (S) or

the shape-memo ry al loy ~~~~~~~ Such pseudoelast ic ef fects can greatly

effect the cyclic stress strain response and fatigue life of alloys (10 12).

The Ti-V system offered the possibility of studying the CSSR of

bcc alloys having wavy and planar slip character , with the added bonus

‘hat the ef fects  of both coarse and fine deformation twinning could be

e~ rruned.

EXPERIMENTAL

Four Ti-V alloys , containing 24, 28, 32, and 36 wei ght percent

vanadium were prenared by argon arc melting 99.95 percent puri ty

I
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sta rt ing ma ter ia ls . The 50 gram inqots were vacuum encaps u lated in

quartz and homegenized for 100 hours at 950°C. They were then cold

rolled in a random fashion to obtain a uniform thickness of 5 mm ,

recrystallized unde r vacuum for two hours at 850°C (above the A trancus)

and quencned in water. The recrys tallized samples had a unifo rm ‘jrdin

size of ~ 0.2 mm and a random texture . In addition , a 24~ V alloy

was prepared by Titanium Metals Corporation , Henderson , Nevada , where

14 cm diamete r ingots were hot-forged and cross-rolled to produce plates

15 cm x 15 cm x 0.8 cm , having a random textu~e and an equiaxe ~ grain

size of 0.10 mm. The chemi cal analysis of this alloy is niven in

Table 1. Samples from the as -received plates were solut ion ized at

850°C and quenched in wa ter. Property di f ferences between labora tory and

comme rcially prepared ma terials were within experi me ntal error and

measurements from the different lots are not distinguished in this

paper.

As described in the Introduction , s i gnif i cant differences in

de formation characte r exists for the selected alloys in the as—solutionized

and quenched conditions . The mi crostructure and deforr ration behavior

were characterized by x-ray di f f r act ion , optical , scannin g, and e lectron

microscopy using procedures described ~~~~~~~~~~~~~ Monoton ic and

cycl ic prope rty m e a s r n . r c n t c  were made on al l  al loys in the as- quenched

condit ion , and af te r  various heat treatments which were chosen to

s l ight ly  al ter the microstructure and defo rmation character is t ics .

The heat treatment , resulting microstructure , deformation characteri-

stics, and tensile properties are listed in Table 2. Tensile samples

were machined according to ASTM E-8-f6 for sub-size specimens , and
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tests were made at a strai n rate of 10- V sec on an Instron test ing

mach I ne equ ipped w ith a 1— in ( : l ip—on P ~ ten orw ’  t e e .

Low cycle fatigue samples were smooth and cylindrical , with a gage

section approximately 6 mm long by 3.5 mm diame ter, and were polished

through a 1~, al unii na and chromi urn oxide sol uti on to remove all ci r—

cumfe rential scratches . Most cyc l i c -s t ress—st r a in  reac urements we re

made on an electrohydrau lic, closed-loop MTS testing machine under

constant total strain control , with saw-tooth wave form , and at a strain

rate of 10 3/sec. Howe ve r , the errati c response of the closed-loop

system unde r strain control during deformation twinning of the 24~ V

alloy necessitated the use of stroke control for its CSS measurements.

Strain was monitored by a 4 mm clip-on extensomete r and the stroke was

changed th roughout the test so that the plasti c strain range remained

essentially constant.

RESULT S AND DISCUSSION

Coa e Twiij~~~ Conditions

The combination of vanadium content and quenching speed was not

sufficient to suppress the omega formation in the 24.. V alloy , and the

primary defo rmation mode of the as-quenched condition was coarse

twinning. The aged samples contained some alpha and showed a qreater

propensit y for slip and an accompanying reduction in ductilit y , Table 2.

The cyclic -stress-strain loops showed anomalies at the low strain

amplitudes similar to those observed by Boiling and Richmond~~ for

spontaneous untwinning in single crystals of Fe—25 at. ~ Be , altho ugh

the magnitude of the effect was somewhat less in our po lycrysta il ine

samples. The Bau schin ger effect, [igure 1 , which is indicative of
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the type III kinematic hardening described by Asaro (13~
14), was measur ed

by the method of Stoltz and Pelloux ,(15) Figure 2. The Bauschinyer

back stress , b ’ is indicative of the ease of recove ry of the forward

strain and the reversed Bauschinger strain , ~~, shows the extent of the

recovery . Since a change in indicates a similar change in and

since less error is invo l ved in the measurement of h ’ mos t con clus i ons

in this paper are drawn from the values of The Bauschin ge r back

stress for the fi r ’st cycle, !.b , decreased with incre usi ng strain

amplitude . Figure 3a. The Bauschinger back stress also decreased with

cycling at constant strain amplitude , Figure 3b. A greater strain

dependency was observed for the aged samples wh i ch deformed by both

tw inning and slip. The reversed Bauschinger strain , F~~, was almost

completely recoverable for forward strai n amplitude s up to 2T for both

conditions tested , Figure 3c The shape of the hysteresis loop was not

symmetric, the compression side being narrower than the tension side ,

i.e., B _ < B~ . This is associated with a higher strength of the alloy

in compression and was observed for both stroke and total strain

control . The effect was larger for sm aller strain am p litudes and

diminished during the later part of life , Figure 4.

The anomalous Bauschinger effect described above is very similar

to the pseudoelasticity associated with reve rsible stress-induce d

martensitic transfo rmations in shape—memo ry alloys (for review , see

Delaey et al (16)) This is not surpr ising when one considers the

similarity betwee n de formation twinning and martensite reactions (17~
18),

and tho fact that twinning in these low-solute alloys is associ ated with

a str~ss-induced reversion of omega~~~. How and why this occurs is

I 
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not clear; however , it is evident that some type of energy abier~ t ion

is associated with twinning (in addition to elastic accommodation

energy) . For small forward strains , small undamaged twins are formed

and the twin energy is not dissi pated . Consequently the twins should

unt w in to matrix when the applied stress is removed , Figure 1. For

large strain amplitudes , the twin s are damaged by interactions from

other twins and dislocations , and some of the elastic accommod ation

energy is dissipated. There fore , only part of the total energy

associated wjth a twin is recoverable upon unloading and the

Bausch inger back stress, which is a measure of the ease of stored

energy recovery , decreases with increasing strain ampl i tude . The

effect is magnified as the propensity for slip increases , as observed

for the aged al loy .

It is nown that de formation twin growth generates lattice defects

in the vicini ty of the twin interface , and as a consequence untwi nni n~

does not occ ur uniformly along the interface result ing in fragmented

and damaged twins . This is quite evident when comparing the opt ical

micrograph of twins formed unde r monotonic deformation , Figure 5a ,

with the optical micrograph of damaged twins formed under cycT ic

defo rn~ati on , Figure 5b. A transmission electron niicrograph of the

damaged twins is shown in Figure 5c. In additi ai , untwinnin g leaves

dislocation damage and accommodation k,inking. (19) Consequently. the

ibsor oed energy due to twinning is never completely recoverable

ti ring reversed loading , even for low strain amplitudes , an d as

cycling continues the Bauschinger hack stress decreases as the

accumulated plastic strain increases , Figure 3b.

_ _ _ _ _ _ _ _ _- 

I



F - --
~~~~~~~~~~~~

- . -
~~~~~~~~

.-
~~~

.- . ~ - .-_

7

The resu l ts of .~ low Lyc le  fatigue tec t are present e l for the

a s - u r r o h e t , and aged P4~ V il Joy in Figure s 6 and 7 respect ive l y , as:

(a )  ave ru cyc i i c stress ampl i tude versus accumulate d p last ic  strain ,

(b) log of the plasti c s t ra in amp] i tude versus log of the number o f

reversals for crack initiation and (c) log arith mic mono to rr ic and cyclic

stress strain curves . The termi nation points of the curves in Fi gures

6a and 7a correspond to the f irs t  v i sual observat ion of c rccL s . The

fatigue duct i l i ty  coef f ic ients , . , the Coff in—M a nson slopes , -c , and

the monotonic and cyc l i c  work hardening exponents n and n ’ , are g iven

on the Figures Tue di ffe rences in these data for the two condit ions

was rri nima l , as would be expected since only small di f ferences in

deformation behavior were observed. The fatigue hardening observed for

this al loy was ne largest for any of the alloys tested , and satu - i ti n

eu .  never reached for my s t r a i n  ampli tude. Cycl ic  hardening began on

the f i rst  cyc le  for the larger strain ampli tudes; how ev er , for the

sm aller strain amplitudes, the stres s amplitude remained essentially

constant for as e n . ’ as 30 cycles befo re hardening commenced . The la r -oe

Jegree o~ cyc l ic hardening is assoc ia ted wi th twin interfaces act ing as

~)a r r i L r s to r rnt inued defor mation and wi th  la t t ice defects generated

by the twinning mechanism. The lack of in i t ial  hardening observed

duri~ u toe low s t r a in  amplitude tests is assoc ia te d wi th the reve rs i—

b il i t,  of tO de fe r- r a t ion process , i .e. ,  untwinning. However , as

described previous ly , tOi s  revers ib i l i ty  d isappears w i t h cycling , at

which t ime hardening begins . The twins forme d at Tow s t ra in amplitudes

w~ r- s r- ra i ler th i n  those forme d at high str a i t t  a s p ?  i tudes , creat ing

more i n t e c f ~ c.e s and resul t ing in a rd t i  v rl y larger total  hardening

I
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effect for - low strain amplitude cycling than for high str ain ampli t ude

cycling . This is reflected in the small cyclic hardening exponent , it ,

compared with the monotonic hardening exponent , n.

In order to study the effect of the large twins produced at high

str ain amplitudes on the cyclic hardening behavior at low strain

amplitudes , a few samples were cycled as follows : one complete cycle

a ’ a strain amplitude of s~~/2 
= 2.7 , fo l lowed by three cycles at

= 1.3 , and then cycled to failure at ‘~~/2 
= 0.1~ . Figure 8

shows the results of this test , curve 2, along w i th  a sampl e cyc led to

failure at a constant strain amplitude of f .c ~~/ 2  0.1 ’ , curve 1.

Cr.r ~ e 2 always falls below curve 1 for the same .‘.

~ 

The hi;h s t ra in

amplitude defor ma tion results in large damaged twins within the gra ins.

The presence of these twins reduces the propensity for further deforma-

tion tw i nn in ; ,  and thus inhibi ts the fo rmation of the nume rous small

(and re la t i ve ly  undamaged ) tw i n  interfaces responsible for the rapid

hardenin g observed in the constant low st ra in ampl itude test ;  AB in

Figure 8. Consequently, the hardening is far less rap id for the

variable strain arrip litude test ; FG in Figure 8. The rapid ha rdenin ri

observed along ElF is due to the reduction in reversibility of the

small twins caused by the presence of large damage d twin interfaces.

A comparison of the twins produced in the constant amplitude test

wi th those produced in the variable amplitude test is shown in

Figure b (a and b) .  The most s t r ik ing ef fec t  of the var iable loading

was its influence on cr ck propagation. The diffe rence between

and was approxi ma tely 1100 cycles for the variable loaded samples

and approximatel y If cycles for the constant amplitude samples.

Further crack propaga tion studi es are now underway .
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The Co~ fi -Manson -t ~ pe plots for the two condi t ions tested for the

24 V a l loy ave unusually large s lopes c~ and had a distinct break at

low stra in amplitudes s i m i la r  to those observed for aluminum a l loys . (20
~~

1)

It has been no t ed  pre\ ,iously (21) that the deviation from the s c s i-

emn i ri cal predi ction of the Coffi n-Manson relat ionship is related to the

fat igue defo rmati on processes prior to cr acP in i t ia t ion;  as r ust be the

case here since the cycles to in i t iat ion , and not f ailure , are used ~ur

the absc issa .  The resistance to fatigue crick in i t ia t ion de; ’ends upon

the homogeneit y and re ve rsib il i ty  of deformation. dhc n deformation is

reversible ti re damage is not  accumulate d to a great extent w i th  cycl ing,

and w he n it is homogeneous the accumulat ion is not loca l i zed .  Since tto:

de formation mode , i.e ., twinn ing,  is not reversible for large accumulate d

strains , and is o: r ;o r pa n ied  by sli p d is locat ions and fo rmation of ot her

la t t ice de fec ts ,  a stable microstructure is never formed , resultin g in

early Lrac~ in i t ia t ion  and therefore a large c i .  The wors t s i tuat ion

occurs at low strain amplitudes , because here the deform ation is not

onl y irreversible but also inhomogeneous .

There have been numerous ohservati ons (19 22) t h a t  p las t ic  def e rs-

tion is enhanced parallel to a twin boundary and that this localized

sli p leads to cracking at the twin matrix interface . The fact tha t the

slip and twinnin g planes are the same in the Ti—V system suggest s that

this mechanism nay be responsible for early cru~k initiation. Con-

centrated slip was observed near twin bands prior to crack initiation ,

Figure lOa, and cracks were later observed along the twin bands ,

Figure lOb.
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Wavy S lip Condition

The as —quenched 28~ V al loy was al l beta phase (no omega detected

by x—ray diffraction) and optical examination of deformed tensile

samples revealed fi ne wavy s l ip and no deformation twins . The anomalous

Bauschinge r effect , observed for the 24 V alloy , was absent during

cycl ic de formation and measurements of the norma l type r (13 ,14)

Bauschinger strain were not made . The results of the low cycle fatigue

test are presente d in Figure 11. Unlike most materials that defo rm

by wavy s lip ,(1
~

2
~
23

~
L4) a saturation flow stress was neve r reached and

cycl ic hardening persisted until crack- in i t iat ion , Figure h a .  The

magnitude of the hardening and the Coffin-Manson slope , c~ , were

somewhat smaller than those observed for the 24 V alloy .

Optical examination of surface slip bands and polished cross

sect ions of san rples cycled to failure , Figure 12 , confi rmed that the

prima ry deformation mode was wavy s l ip;  at least on a macroscopic

scale.  No coarse de formation twins we re observed. Althou gh most

similar studies have been on fcc metals and al loys , low cycle fatigue

studies of iron (24
~

25) have shown that a saturation fl ow stress is

obtained during cyclic deformation of that wavy-slip bcc metal . The

related mi c rostructure had wel l defi ned ce l ls (25) , analogous to

those found in fcc rnetais. (26 ) Transmission electron microscopy

studies of LCF samples of our as-quenched 28 V al loy revealed

mostly wide deformation bands, Figure 13a , although mi crotwins were

frequently observed , Figure 13b . Consequently, one must conclude

t hat  the wavy slip character observed optically is not due to the

cross s l ip  of screw dis locat ion which is normally assoc iated wi th the

1
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spreading of gl ide fro iri two to thre e dimensions , but is most lik e ly

associated wi th the multiple sl ip systems prev iously observed for this

all oyJ4~ The lack of saturation and cell formation may be due to the

intervention of a different deformation process, i.e. , twinning, which

ir i ’iibits dynamic recove ry by cross slip and leads to early crack

initiation in these strain controlled tests. In addition , connected

cross-slip may be hindere d by stress -induced omega preci pitation similar

to that de tected in our early work on cold -rolled Ti -28 V single

cry stais .~~ The absence of a saturation stress , extensive hardening

and lack of cell fo ’nation , sim i lar  to that observed here , was found

in an Fe- 1.5” Cu al loy containing noncoherent precipi tate part ic les .(27)

The authors concluded that the small precipi tates were the cause of

the continuous cycl ic  hardening and lac k of cell formation .

In orde r to study the ef fect  of a very small volume fraction of

omega on the cycl ic stress st ra in response of the Ti _ 2 8 c V al loy ,

samples were age d for 36’.~ minutes ct 300°C. Previous hardness studies ~~

had indicated that a small anrount ( less  than can be routinely detected

by x-ray di f f ract ion) of isotherma l omega is fo rme d for this t ime ,

temperature , and vanadium concentration. The results of the low -cycle

fati gue tests are shown in Figure 14 , and should be compared wi th the

as-quenched data of Figure 11. The cyclic hardening behavior and Coffi n-

Manson slopes , c i , are very similar for the two conditions , as are

the optically observed slip markings , Fi gure 15a. Transmission

electron microgr aphs , Figure 15b , showed deformation structure s similar

to those of the fat igued as -quenched samples . However , omega precipitates

were far mo re numerous than observed in defor m ed as-quenched samples.

I
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The large r volume fraction of precipitates can certainly account

for the higher strength of the aged alloy ; howeve r, the similari ty in

hardening behavior appears to be more related to the de formation mode

and microtwin formation. This conclusion is drawn front the fact that

although the amount of omega precipitates in the aged samples was

considerably higher than in the deforme d as-quenched samples . the

magnitude of the cyclic hardening was essentially the same .

Planar Slip Conditions

The as-quenched 32 V and 36% V alloys contained all beta phase and

optical exam ination of deformed tensile samples revealed coarse planar

slip and no defor rntior twins. Previous studies (4~
28
~~
9) have shown

that planar t11 2} slip dominates in these bcc Ti-V alloys . No

anomalous Bauschin aer effect was observed and Bauschinge r strain

measurements were not niade . The results of the low cycle fatigue tests

are presented in Figures 16 and 17. The Cof f in-Manson slopes , c i .

were smaller than found for the other two alloys , and approximately

equal to that found for most materials , i.e., ~- 0.5. The cyclic

hardening/softening behavior was somewhat anomalous , in that cyclic

softening was observed for low strain amplitude tests while cyclic

hardening was found for high strain amplitude tests , Figures 16a , c

and 17a , c.

Optical e~ar t ’inat io n of polished cross sections of fatigued samples

showed planar slip for all conditions, Figure 18, although there were

some minor differences in homogeneity of slip band distribution.

Transmission electron microscopy studies did , however , reveal

differences which could at lea st qualitatively account for the harden ino,’

--- -~~~———~~~
. =--- ~ 
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softening observed for the high/low strain amplitude tests . Foils

taken from samples of both alloys , which were fatigued to failur e it

low strain amplitude s where softening occurred , revealed inhomoqeneous

deformation as ill defined dislocation bands separated by dislocation

debris , Figure 19a. No microtwins were observed in any of these failures .

In con trast, relatively homogeneous defor riration, represented by evenly

distributed dislocation debri s and microtwins , Figure 1gb , was observed

in foils from as-quenched samples showing moderate cyclic hardening.

Cyclic softening, similar to that observed here , was found by

Koss et al .(29~
3
~ for a Ti-40 at.% V alloy cycled at a plastic strain

artr p litu de of 0.5 . They concluded that the softening was not due to a

metallurgical instability , but a result of dislocation dynamics wherein

the mobile dislocation density increases in the presence of a high drag

stress and low work hardening rate . We agree wi th  their interpretation

of the softening behavior. Koss did not observe cyclic hardenin g;

nowever. he did not conduct tes~~at strain amplitudes as lam e as those

that produced hardening in this study. Our earlier - Sri ne s t l e ”  tJru t f r e

hardening behavior is associated with deformati on twinni ng in ~“is allo y

system is supported by the microstructural study of the 32 V a d  36~ V

alloys . The as—quenched alloys contained no precipitat e s , and in all

cases where hardening occurred , m icro twins were found ; ’,ihe ‘-eas m icro-

twins were never observed for the conditions where softenin o occurred.

Koss (31) has also never observed twinning in cyclic softened samples .

In order to collect more information on this hypothesis. low

cycle fatigue tests were conducted on Ti-32tt V and Ti-35’~ V samples aged

to produce precipitate s which enhance twinnin g, i.e., ome ga , and

‘-. - --- . -• •
~~~ 
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homogenize slip, i.e., al pha. The results of these tests are presented

in Figures 20, 21 , and 22. No major differences in LCF behavior was

observed in these aged alloys when compared with the results of their

as—quenched counterparts . The Coffin-Mansorm slopes were essentially the

same , cyclic softening was observed at low strain amplitudes and cyclic

hardening at high strain amplitudes. Mi c rotwins were infrequently

observed in the aged cyclic-softened samples , and were certainly far

fewer than observed in as—quenched cyclic hardened samples .

CONCLUS IONS

1. Al l oys which deform by coarse twinning exhibit an anomalous

Bauschinger effect due to untw innir m g during reversed loading.

Large cyclic hardening was due to twin interfaces acting as

barriers to continued cyclic deformation and with lattice de fects

genera ted by the twinning mechanism. Crack initiation is

associate d with concentrated slip near twin bands .

2. Alloys which deformed by wavy slip exhibited cyclic hardening

and no saturat ion prior to crack init iat ion. The wavy sl ip

character was due to multiple slip and not connected cross slip

of screw dislocations . The lack of saturation and cell formation

was associated with the intervention of deformation twinning

wh i ch prevented dynamic recovery by cross slip.

3. A lloys which defo rmed by planar sl ip showed cycl ic  softening at

low strain amplitudes and cyclic hardening at high strain

am pl i tudes. The softening behavior is associated with dislocation

dynamics and the hardening behavior with deformation twinning.

I
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4. The ha r I e ni  r ig behavior  of all the Ti—V alloys examined is due ,

at leas t , in part , to de formation twinning inhibiting dynamic

recove ry.

Although the large Coffin -Manson slopes , c~ , of the al loys that

showed extensive twinnin g indicate inferior fatigue performance

in these strain controlled tests , their cyclic hardening

behavior suggests that they may be superior in stress controlled

applications . 
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TABLE 1

Compositions of the Ti tanium-Vanadium Al l oy

Al lo y V Fe 0 N Ti

Ti -24 24.1 0.04 0.06 0.007 Balance
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FIGURE CAPTIONS

1. Cyclic stress strain response during the first cycle for Ti-24 V
at various strain amplitudes showing at anan malous Bauschinger
effect.

2. Graphical const ruct~on for measuring the Bauschin qer effect. After
Stoltz and Pelloux .~ ’5)

3. Bauschin qer Stress and strain data for Ti-24 ’V alloy.

4.  Gr aphical representation of assymmetry of hys teresis loop with
fatigue life for Ti-24sV alloy .

5. Defor rrra tion struct ure of as-quenched Ti-24’ V alloy . (a) Optical
mi crograph afte r irionotonic defo rmation. (b) Optical micrograph
after cyclic deformation (c) TEM after cyclic de formation.

6. Low cycle fatigue behavior of Ti-24 V . as-quenched . (a) stress
amplitude vs. accumulative plastic str ain , (b) Coffi r- -Manson
plot, (c) cyclic and mormo tonic stress—strain curves

7. Low cycle fatigue behavior of T i — P 4  V . aged 90 minutes at 515°C.

8. Cyc lic hardening curves for Ti-24’~V al To’ , using a constant strain
amp l itude .curve 1; and a var iab le  s t ra in  a m pl i tude , curve 2.

9. Deformation twins produced under cyclic straining ~f Ti-3d V.
(a) constant strain amplitude, (b) var iable s t ra in  amplitude .

10. Scanning electron mi crograph of the surface of Ti -24 V fatigue
samp les. (a) concentrated slip near twin bands , (b) crack along
twin bands.

11. Low cyc le  fat igue behavior of Ti —28 ’ V , as quenched.

12. Optical micrograph of polished and etched cross section of
Ti— 3d V fatigue sample.

13. Transmission electron micrographs of Ti-28 ’ V fatigue sample.
(a) deformation bands , (b) microtwins .

14. Low cycle fatigue behavior of Ti-28 ’-V aged 360 minutes at 300°C.

15. Deforr iration structure of fatigue samples of aged 360 minutes at
300°C. (a) Optical micro graph (b) transmission electron
mic rogra ph .

16. Low cycle fatigue b- havior of Ti -32 V.  as quenched.
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17. Low .y le fatigue behavior- of Ti-36 ‘V. as quenc hed.

18. Optical micrograph showing typical s l i p  markings observed in
polished and etched cross sections of as quenched fati gue samp les
of both 32 and 36 a l loys .

i~l . Typical deformation structure of as quenched fatigued 32~’ and 36%V alloys . (a) low strain amplit ude where cyclic softenin9 occurred .
(b) hi gh strain amplitude , where moderate hardening occurred.

20. Low cycle fatigue behavior of Ti-32 V aged 4,700 minutes at 350°C.

21. Low cycle fatigue behavior of Ti_ 36 V aged 100 minutes at 400°C.

2 2 .  Low cycle fatigue behavior of Ti—36~ V aged 10 ,000 minutes at 400°C.
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Figure 1. Cycl ic stress stra in respo nse dur ing the fi rst cycle forTi -24~V at var ious stra in amplitud e s showing an anama lo usBausching er ef fect .

Figure 2. Grap hical construction fo~- mçasuring the Bauschinge r effect.Afte r Stoltz and Pe11oux .~ ’5
).

I

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -— 



400

• A S 0 U I~~L~CU

• 40M ~. i f l s C -  515 C
300 —

.
• .

- 
700 —

S

leo - 
S

0 ~~- -- - - - ---~~ .1 1
0 0 2 3 4 5

_ _  _ _

~~~

_I_

~~~ 

- -

~~ 

-

Figure 3. Bausch inge r stress and strain data for Ti-24 V alloy .

I 

. _ - • —-~~~-



4

- - - , - - - 1 I

a - . — ~~ ‘ , 2 U Y ,  
_~~~~~, ,_

~

— - -

/ 

- - 

• • - 
• 

_ _

0 - S I 
~

, - -

•.

/
‘ / 2  

-

- I I - - 
/

‘ 

U- 2 /

0 
1 ~

0.1

Figure 4. Graphical representation of assymmetry of hysteresis loop
with fatigue life for Ti-24 V alloy .

-~~~~~ —

-

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~- - - - - - --~~



25

1 a - - H L

- ~( N -
~~ ~~~~ ~

- 
~~~~~~~~~

-

~~~~~~~

-

~~~~~‘- 

‘
- / =

~~~~\ - ---,
~~ ~‘d.~~-— -~- 
C - .  

= o s - ’ - - 
- . ..

~ 
—

• , • , 1 - - I -
• ~—~ _•.v =

• . - -‘ U~~•-

- -

-~~ 

~ ~~~~~~~~~ ~~~~~~~~~~
—

. -
~~~l

_ _
’ 

-

°°

~-, 
- 

-.
‘.- 

-C- -:;:‘•::_. -. ~_ -- —I .~~ 
-• - —C-~ ,-~ •.-:;.;zs--~ ~

— ~~~~~~~~~~ w —‘-, 0 ._ 
—

• 

--, -

~~~~~~~
-
~~~~~~~~~~

-I. . - - 5a
- _ - - - - -~~ 

- -

-: iOO .m~-

~~~~~~~~~~~~~~~~~~~~~~ 

- 
- 

__

__5 

1 _~

q
‘~.- •~

• •
~~~-:‘= ‘

~ 
. 

I

— ~~
. ? 

• 

- 

7 

Sb 

~~~~ - -_ 
- -~~~ _ _



— --

3 E

-~ ~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ ••

________________  
_____ Sc

- 
__ - 

- -

- 

-

~

~~~~~~~~~~~
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ma icrograph after cyclic deformation (c) TEM after cyclic
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The cyclic stress-strain response of four Ti —V allo ys (24, 28, 32 and 36 wt V)
which have de formation modes ranging from coarse twinning to wavy and planar
su p, has been r/cusured and correlated with deforri ’ ution mode and microstrr icture .
When coarse tw inning is the primary deformat ion nx de an arm amolous Bauschi nger
eff~-~t , associ atl d with untwinning during load reversal , is observed. A
sa tum -at ion f low s t r e s s  is not obta ined for the wavy s l i p  al loy due to the
i rterv , rrt jon of m icrotwinning which inhibits cross sli p and cell formnation .
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S E C 1 J R I T ’ Y  C L A S S I F I C A T I O N  OF T H I S  PA OE(147s. n 0.!. Enter.d) 
-

~Cyclic hardenin g of all alloys appears to be related , in some degree , to
deformation twi nning. Cyclic softening occurs far the planar slip alloys
i n the absence of micro twinn i ng due to i ncreasin g mob ile di slocat ion
density .
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